Abstract--In this paper, a novel Ph.D. research process leading to the multi-objective design optimisation (MDO) of geared medium-speed flux switching machine (FSM) for wind generator drives is rehashed. The highlights of the study include, among other things, the electromagnetic design of two preferred FSM topologies based on an in-house two-dimensional finite element analyses tool, the MDO of key generator design and performance data, and the evaluation of different FSM drivetrain variants such as rare-earth versus none-rare-earth designs, as well as their characterisation at different small-and large-scale power levels. The major findings of the study include the superior performance of the proposed generator brands at multi-megawatts power levels, as well as the feasibility of the MDO procedure yielding a cocktail of multiple designs options with some useful data relating to torque density, torque ripple and power factor of the studied machines. Lastly, a practical demonstration based on a 10 kW none-rare-earth prototype as undertaken to validate the design approach, displayed good confidence.
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I. BACKGROUND
IVEN the recent push towards harnessing wind energy for industrial-scale power generation, the need to reduce the CoE is driving more and more researchers to concentrate on optimising the available drivetrains. The different known wind generator drive concepts are direct-drive (DD) a.k.a. low-speed (LS) drives, medium-speed (MS) drives and highspeed (HS) drives, with the last two falling under the geared drivetrain category. Usually, the classification of wind generator drivetrains is made possible by the presence or absence of a gearbox. MS geared drives describe systems with a one-or less than a three-stage gearbox, while HS drivetrains are geared systems with a three-or more than a three-stage gearbox [1] - [3] . LS systems, on the other hand, are simply the absence of a gearbox system, so-called direct-drive systems. The pros and cons of each generator drivetrain is summarised as shown in Table I. In summary, the different drivetrain characteristics as provided in Table I show that the MS drivetrain is able to yield better compromise compared to LS and HS drivetrain concepts. An important point to also note from Table I is the speed-range as shown for the different drivetrains. No doubt, drivetrain designs have meaningful impact on the performance of wind turbines [1] , [3] - [7] . Consequently, to capitalise on such an advantage, it becomes interesting to intensify the research on geraed MS drivertain in the current study, bearing in mind that, with an appropriate generator, the possibility to reduce the overall system costs, with minimum compromise on the drivetrain performance, is not to be doubted.
Based on established trends, most conventional wind generators employ a multi-stage gearbox together with commutator brushes, expensive rare-earth PMs, and slip-rings in the rotors of e.g., DC wound-field configurations. Meanwhile, the use of PMSGs poses two major problems, high cost of PMs and demagnetisation risks. Hence, for multi-MW systems, these problems are necessarily scaled up. However, there are emerging brushless wind generators today, with some having stator-active and robust rotor qualities. These brushless machines are very attractive because they lack the use of brushes in all ramifications, and their hotspots are easily exposed to cooling schemes. The deployment of such machines for wind generator design are very scanty, e.g., PM flux switching machine (PM-FSM) studied in [8] , PM fluxreversal machines (PM-FRMs) in [9] and PM doubly salient machines (PM-DSMs) [10] . These categories of brushless machines have similar features which distinguish them from other machines such as, a robust rotor structure, ease for thermal cooling due to stator-mounted components and the capacity to deploy less copper usage due to a concentrated 4 This implies the component with the dominant cost.
winding configuration, among others. Among these three brushless generator concepts, PM-FSMs yield the best performance based on the comparison performed in [11] and summarised as shown in Table II . But, as equally indicated, a major setback in PM-FSMs is their characteristically high cogging torque and torque ripple, which is due to its double salient structure. However, these problems are increasingly being addressed as reported in [12] - [14] .
Again, another debilitating problem in PM-FSMs is their high PM utilization as also implied in Table II , which can greatly increase their cost, when designed using very expensive PM materials like rare-earth PMs. The feasibility of using rare-earth-free is based on the following:
• PM-FSMs have flux focusing capabilities [15] .
• ferrite PMs used in PM-FSMs present lower demagnetisation risks during normal [16] , [17] .
• PM-FSMs are low maintenance machines due to their brushless nature. Hence, the problem of brushes and slip rings, in the case of their wound-field designs, are totally eliminated.
• PM-FSMs being stator-active machines, do present an easier option for cooling of the field sources in instances with high operating temperature concerns. Considering these important qualities which have triggered enormous traffic in the study of PM-FSMs, the state-of-theart on PM-FSMs in relation to wind generator drives further revealed no previous emphasis on geared MS drives and lmited information on the multi-objective design optimisation for improved generator drivetrain performance. By way of summary, the tree diagram shown in Fig. 1 highlights the flow on the established state-of-the-art on FSMs for wind generator applications, while Fig. 2 is an artist impression of the proposed wind generator drivetrain. Eventually, the simple radial-flux all poles wound 12-stator poles/10 rotor poles (12/10) and 12/14 FSM topologies were selected to be considered have desirable qualities that adequately suit them for the proposed geared MS wind generator drives.
II. LITERATURE REVIEW
Based on the existing literature on the design, analyses and performance of the proposed 12/10 and 12/14 machines, it is commonly observed that a well thought out design optimisation that accommodates multiple design objectives, sequel to some constraint functions, is fundamentally absent. A good number of the published works have been so dedicated to parametric resolution for the optimal design ([8] for example), and most times they confuse such "sensitivity analyses" for "design optimisation". Where this is not the case, deterministic algorithms are invoked to optimise these machines based on single objective problems or their hybrids, such that they fail to promote the absolute optimum of such design ventures.
Moreover, an existing framework which is established on the widely utilised design-sizing method as proposed in [18] and utilised in [19] , is yet to be fully exploited. When this technique is fully deployed, an initial design that can be conceptualised to activate the optimisation process is produced. Thereafter, it becomes easy to collectively evaluate a part or all of the aforementioned design requirements such as power factor, torque ripple and torque density among others, bearing in mind, the optimum performance of the associated drivetrain components.
Granted, the study in [19] does not address a single objective problem per se since the objective function considered is to maximise the torque density, nevertheless the approach falls short because it was a non-constrained deterministic (i.e., gradient-based) search method, with only five design parameters considered. This point is stressed because in the optimal design of electrical machines, a good number, both of the design parameters and the design requirements, which hustle for relevance, must be taken into account initially [20] , [21] . Thus, if the competition is not properly arbitrated by the designer, the resulting optimal solution is merely a local optimum. For this not to happen, the preferred optimisation methods should be multi-objective stochastic (non-gradient) based algorithms.
In terms of the application area, it still must be said that other studies have optimised and/or compared the 12/10 and 12/14 machines. For rare-earth-free designs, the studies in [22] and [23] only dealt on deterministic optimisation methods in their studies; whereas [24] and [25] processed some design and comparison aspects, but without any form of optimisation mentioned. Thus, to the best of the researcher's knowledge, it appears that for the relevant design requirements, they are yet to be collectively optimised for best results of the 12/10 and 12/14 machines, especially in line with the proposed geared MS wind generator operation. An example of a multi-objective and multi-constraint optimisation problem is reported for IPM synchronous motor for HEV/EV applications in [26] , wherein "three concurrent objective functions are minimized: material cost, losses, in order to ensure high efficiency, and the difference between the rated and the characteristic current, aiming to achieve very high constant-power flux-weakening range", having a minimum of ten design variables and three constraints for a prescribed problem. As expected, the study highlighted the use of stochastic algorithms e.g., differential evolution, which can produce a population of non-dominant optimal solution as a Pareto optimal set. Remarkably, a search by the researcher reveals that the Pareto effect has never been attempted for any combination of performance parameters in the design optimisation of the proposed 12/10 and 12/14 machines.
In the meantime, it has to be said that stochastic algorithms do not come without their concerns in the design optimisation of electrical machines. The main challenge posed is that they are computationally expensive and time consuming to implement. Furthermore, the use of FEA-based numerical optimisation, in tandem, is considered an additional burden to the computation time, viz., costs. But, FEA is, without doubt, both robust and highly efficient for electrical machine design and analyses. To do otherwise, would suggest that increased accuracy is being sacrificed on the altar of enhanced speed in the process chain. To the researcher, the former situation is preferred to the latter for the present inquiry. Notwithstanding, the fear of aggregating both the computer memory and design cycle may not be deep seated, as the researcher intends to adopt a "powerful and efficient" two-dimensional (2-D) static FEA optimisation program (SEMFEM) developed in [27] , with script-based interface and a propensity for parallel processing which speeds up the process in any case.
However, SEMFEM which is based on 2-D FEA modelling is limited by the fact that compared to 3-D FEA solutions, the end-winding effects can result in huge disparities for the proposed FSMs. Even more, seeing that the case being made for rare-earth-free designs includes the presence and arrangement of the phase coils over the field coils in the WF-FSM topology, usually with a very large split ratio in comparison to the aspect ratio, it becomes indispensable to devise an approximate calculation which accounts for the endwinding effects in 2-D FEA. Besides, to devise such endwinding approximation is also for the sake of the design optimisation procedure converging to the true optimal design.
Hence, the method of considering only the end-winding resistance and ignoring the end-winding inductance as done in [22] is limited for design optimisation, same as for prescribing a fixed margin to account for end effects as done in [24] . To this end, an approximate formula which captures, in real-time, the end-winding effect in the 2-D FEA is meant to enhance the accuracy of the design optimisation process.
On this premise, the current study is attempted to interface simple 2-D FEA solver with a robust multi-objective stochastic algorithm in the design optimisation and performance evaluation of the 12/10 and 12/14 FSMs for geared MS wind generator drivetrains. In pursuing the research objectives, additional emphasis will be attributed on the generators' design characteristics for rare-earth-free designs in both small-scale and utility-scale systems.
III. GOAL OF THE THESIS

A. Aim of the Study
The overiding aim of the study is on the possible candidature of FSMs for geared MS wind generator drivetrains, being proposed, for the first time, in its very simple and very popular generator topologies.
B. Objectives of the Study
To achieve this aim, the following specific objectives are to guide the study:
• Evaluate the different drivetrain performance of the nominated FSM wind generators.
• Formulate the procedure to perform multi-objective design optimisation (MDO) of the proposed FSMs in geared MS drivetrain.
• Investigate the use of rare-earth-free excitation for the proposed FSM wind generator drives.
• Compare the performance of the proposed FSM wind generator drivetrains for small-scale kW designs to utility-scale MW designs.
• Manufacture and test a 10 kW prototype based on the proposed FSM wind generator drivetrain.
C. Possible Outcomes of the Study
The posssible outcomes of the study is described as follows in eigth unique chapters of the produced thesis [28] : i) Chapter I was used to introduce the background of the research, review the existing literature and propose the hythotheses which facilitated the specific objectives that guided the process. ii) Chapter 2 is used to provide insights on the comparison of the different drivetrain solutions of optimally designed 12/10 rare-earth PM-FSMs in terms of CoE versus performance. In addition, it gradually presents the steady-state FEA design and modelling adopted throughout the study. iii) In Chapter 3, the design optimisation and comparison of the 12/10 and 12/14 rare-earth PM-FSM at 10 kW and 3 MW power levels is presented for the proposed geared MS wind generator drivetrain. The main purpose of this chapter is to monitor how by scaling, the performance of both machines, based on some key design parameters, is affected. iv) In Chapter 4, the possibility of using rare-earth-free field excitation sources, viz., ferrite PM and woundfield, in a 12/10 flux switching machine designed for wind energy drives is gradually initiated for smallscale power. The study involves the performance comparison of these so-called low-cost FSM variants for geared MS wind generator drives on one hand, and the investigation of the demagnetisation effects of the ferrite PM-FSM in lieu of its rare-earth PM-FSM counterpart. The aim is to limit dependence on the use of rare-earth PMs. v) Chapter 5 presents the formulation and multiobjective design optimisation (MDO) of WF-FSMs. The highlight here is on the different approaches to the MDO problem and the influence of the respective outcomes on the generator drivetrain performance. vi) Chapter 6 details the design characteristics of rareearth-free FSMs by comparing their performance in small-and large-scale power levels. To evaluate their potentials, a comparison is further made with the 3 MW rare-earth PM-FSMs earlier established in Chapter 3 and other conventional geared MS wind generators designed at utility-scale wind turbines. vii) Chapter 7 briefly discusses the processes of manufacturing and experimental testing of a 10 kW WF-FSM prototype developed in the laboratory. viii) Chapter 8 is documents the general conclusion, unique contributions and future recommended areas of research based on the broad-spectrum of wind energy research and development, especially as it relates to the specific studies in this dissertation.
IV. METHODOLOGY
In the undertaken study, the finite element analyses method was strictly adopted. This is because the design optimisation anticipated was heavily based on 2-D static FEA solution of a number of performance quantities arising from varying the feasible stack volume on the one hand, as well as other relevant constrained dimensional (in the radial geometry) and non-dimensional design variables of the proposed machines. Prior to this, the sizing of the machine models swould be incurred using the sizing-design theory popularised in [29] , but further embellished to suit the current study.
After undertaking the conceptual sizing, constrained multiobjective, multi-variable FEA design optimisation was administered on the initial designs. In order not to increase the time for the FEA-based optimisation, as earlier mentioned, the socalled SEMFEM, an in-house time-stepping 2-D static FEA package, devised by Gerber in [27] , has been be applied. Compared to commercial FEA packages, SEMFEM has potentials to speed up the simulation time, without compromising the design accuracy. The speed enhancements in SEMFEM is mostly facilitated by its script-based nature adopted in solving most of the machine performance parameters, which is simply facilitated by first obtaining the phase flux linkages and transforming them into dq quantities for each static step covered within a time period.
To this end, SEMFEM comes with an added library which enables it to perform the optimisation of electrical machines, by simply coupling it to an external optimiser. The optimiser preferred for this task is the commercial VisualDOC suite [30] . In respect of this, the flowchart in Fig. 3 , which is very fundamental to the design optimisation methodology assumed throughout the study, is devised to simplify the execution of the design optimisation workflow.
As earlier discussed in the section II, the importance of endwinding effects cannot be overruled in the design optimisation of electrical machines. Without 3-D FEA modelling, the accuracy of mimicking the end-winding characteristics in 2-D FEA predictions is usually very limited. However, the incorporation of an approximate expression which evaluates such effects in real-time could be very vital in a design optimisation process. Considering that the proposed 12/10 and 12/14 FSM topologies are typically non-overlap winding machines, thus, an approximate formula as proposed for similar non-overlap PM winding machines in [31] was adapted for this purpose, in respect of both the PM and wound-field designs.
Also, it is appropriate for any outcome of the design optimisation process, at each stage of the inquiry, to be lightly validated. Mostly, such validations were undertaken in 3-D transient FEA simulations, using a commercial FEA package called ANSYS Maxwell © . This process continued until at last, a 10 kW WF-FSM optimal design candidate is benchmarked, manufactured and tested.
V. TIMELINES
The project timelines are summarised as shown in Table III , with all tasks completed and delivered on time.
VI. RESULTS AND ACHIEVEMENTS
A. Results
The main results are summerised as follows:
i) Rare-earth PM-FSM drivetrain performance comparison for 10 kW machines: The 3 different drivetrain topologies (i.e., LS, MS and HS), based on the optimal performance of the 12/10 generators were compared. The MS drivetrain yields designs that produce tradeoffs in terms of torque-PM densities as high as the LS design (37-57 Nm/kg) at generator costs comparable with the HS design, while fully satisfying the torque ripple, efficiency and power factor requirements. Also, it was observed that the LS machine could achieve unitary power factor at less than 95 % efficiency, but with higher PM utilisation. ii) Evaluation of rare-earth PM-FSMs at 10 kW and 3 MW power levels: The 12/10 and 12/14 machines when optimised as multi-objective problems, lead to much lower torque ripple at 3 MW compared to 10 kW designs. The torque ripple performance at 3 MW is due to the optimum machines displaying lower Fig. 3 . FEA design optimisation procession.
saliency ratios compared to the 10 kW machines. Similarly, it was also shown that the torque densities are significantly improved at 3 MW. However, the performance of the 12/10 and 12/14 machines when compared at the same power level, vary differently. Generally, the 3 MW machines display superior performance which portray their potentials for industrial-scale wind turbine systems, as well as a penchance for using rare-earth-free materials. iii) Performance comparison of 10 kW rare-earth-free designs: The possibility of using rare-earth-free materials e.g., ferrite PMs and wound-fields (WFs), in the design of the 12/10 machine, as proposed for MS wind generator drives, has been established. iv) Formulation and MDO of only WF-FSMs at 10 kW power: The basic dq formulations and MDO strategy of WF-FSMs for wind generator drives was reported, whereby the perspective and influence of different MDO approaches for WF-FSMs were uncovered. The findings indicate that while concentrating the MDO minimisation of cost of generator, produce limitation on the performance, which in turn increases the total drivetrain costs beyond concentrating on optimum performance of the generator, such as minimum torque ripple or maximum power factor. v) Design characterisation on the power-level scalability of rare-earth-free designs: The comparison of both the 12/10 and 12/14, as well as their power-level scalability from 10 kW to 3 MW, is undertaken, where it was found that, ferrite PMFSMs are better at small-scale power levels, while WF-FSM are better at large-scale power levels, for the proposed geared MS wind generator drivetrains. vi) Construction and testing of a 10 kW prototype: The prototyping and testing of a 10 kW WF-FSM benchmark as shown in Fig. 4 was undertaken, without previous reference on such design ventures. Basic no-load, short-circuit, thermal, uncontrollednormal and overload resistance, as well as currentcontrolled measurements were performed on the manufactured prototype to prove the FEA calculations, displaying very good confidence. 
B. Achievements
The Ph.D. dissertation [27] is a major achievement of this project. The peer-review publications include 1 local conference, 4 international conference and two journal papers as shown in the Appendix section. Also, four different research grants were received, which include grantors such as IEEE R8, IEEE IAS CMD and IEEE ECCE.
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